Thioredoxin (Trx) is an important redox regulator with cytosolic Trx1 and mitochondrial Trx2 isozymes. Trx has multi-physiological functions in cells and its bioavailability is negatively controlled through active site binding to a specific thioredoxin binding protein (TBP-2). This paper describes the delicate balance between TBP-2 and Trx, and the effect of overexpression of TBP-2 in the human lens epithelial cells. Cells overexpressing TBP-2 (TBP-2 OE) showed a 7fold increase of TBP-2, and a nearly 40% suppression of Trx activity but no change in Trx expression. The TBP-2 OE cells grew slower and their population decreased to 30% by day 7. Cell cycle analysis showed that TBP-2 OE cells arrested at the G2-M stage, and that they displayed low expressions of the cell cycle elements P-cdc2 (Y15), cdc2, cdc25A and cdc25C. Furthermore, TBP-2 OE cells were more sensitive to oxidation. Under H 2 O 2 (200 µM, 24 hrs) treatment, these cells lost 80% viability and became highly apoptotic. Brief oxidative stress (200 µM, 30 min) to TBP-2 OE cells disrupted the Trx anti-apoptotic function by dissociating the cytosolic and mitochondrial Trx-ASK binding complexes. The same H 2 O 2 -treated cells also showed activated ASK (P-ASK), Bax, lowered Bcl2, cytochrome c release, and elevated caspase 3/7 activities. We conclude from these studies that high cellular levels of TBP-2 can potentially suppress Trx bioavailability and increase oxidation sensitivity. Overexpression of TBP-2 also causes slow growth by mitotic arrest, and apoptosis by activating the ASK death pathway.
INTRODUCTION
Thioredoxin (Trx) is a 12-kDa ubiquitous protein present in all living cells. Trx has a wide range of physiological functions, including DNA synthesis, oxidation damage repair, and regulation of inflammation and apoptosis. Trx functions through its ability to control thiol/ disulfide homeostasis using vicinal cysteine residues at its active site to dethiolate proteinprotein disulfide bonds. Oxidized Trx in turn is reduced by thioredoxin reductase (TR) using donated electrons from NADPH to complete the catalytic cycle [1] . Two major isoforms of Trx have been found in mammalian cells, cytosolic Trx1 (Trx1) and mitochondrial Trx2 (Trx2).
Several proteins are known to bind with Trx. These include apoptosis activating kinase (ASK), and the NADPH oxidase subunit of p40phox, which is also called thioredoxin binding protein 1 (TBP-1). Recently another thioredoxin binding protein 2 (TBP-2) has been identified using a yeast-two hybrid screen. This protein is up-regulated in HL-60 leukemia cells treated with 1,25-dihydroxy vitamin D3 [2] , and has been named vitamin D3 upregulated protein 1 (VDUP1) or thioredoxin interacting protein (TXNIP) [3] [4] [5] . TBP-2 is a 46-kDa protein that is ubiquitously expressed primarily in the cytosol of many tissues; however, it is also present in the nucleus pancreatic beta cells [6] . Since TBP-2 only binds to reduced Trx and forms disulfide bonds with the cysteine residues at its catalytic center, its interaction with Trx suppresses Trx activity [3, 5] . Therefore, TBP-2 is considered to be a negative regulator of Trx that controls Trx bioavailability. In recent years, extensive studies have focused on examining the biological function of TBP-2. The inducible nature of TBP-2 under several stress conditions, including UV light, γ-rays, heat shock and high glucose [7, 8] suggests that TBP-2 may play a role in the cellular processes of cell differentiation, apoptosis, immune response, and energy metabolism [9] [10] [11] [12] [13] [14] . Furthermore, it was found that TBP-2 over-expression renders the cells more vulnerable to oxidative stress [15] , and slows cell proliferation with cell cycle arrest at G1 stage [16] .
One of the functions of Trx is to prevent cell apoptosis by sequestering the intracellular death signaling ASK1 through its N-terminal end and inhibiting its kinase activity. However, binding between Trx1 and ASK1 is highly dependent on the redox status of Trx1 [17] . Oxidized Trx1 can dissociate from its complex allowing ASK1 to be released and activated. The activated ASK1 (P-ASK1) in turn activates downstream c-Jun N-terminal kinase (JNK) or p38 MAP kinase, or both, to initiate the apoptotic pathway [18] . ASK1 is activated by the production of ROS associated with stress from oxidation, tumor necrosis factor-α (TNF-α), and lipopolysaccharide (LPS) [19] . Some studies indicate that ROSdependent activation of ASK1 is required for the oxidative stress-induced apoptosis in macrophages, mouse embryonic fibroblasts and other cell types [20, 21] .
In mammalian tissues, the eye lens is most vulnerable to oxidative stress. The protein-rich lens depends on its ability to maintain the proteins in a reduced state by various antioxidants and oxidation defense enzymes to keep its transparency [22] . Trx1 is present in the lens and has been demonstrated to be an effective oxidation defense enzyme [23] . TBP-2 is also present in the lens, and under oxidative stress it has been shown to regulate the bioavailability of Trx [24] . Furthermore, it was shown that human lens epithelial B3 (HLE B3) cells with over-expressed TBP-2 displayed lower Trx activity, slower cell growth and increased susceptibility to H 2 O 2 -induced apoptosis [24] . However, little is known about the mechanism responsible for slow cell growth, and the accelerated H 2 O 2 -induced apoptosis in cells enriched with TBP-2. The intracellular localization and action of TBP-2 in lens epithelial cells remain largely unknown. In this study, we provided evidence that the slow growth of TBP-2 OE cells under non-stress conditions is likely linked to a malfunction of the cell cycle checkpoint signaling cdc2 and cdc25 molecules that leaves cells arrested at G2-M stage. Under oxidative stress, the major potential mechanism for activation of the cell death pathway in TBP-2 OE cells is the dissociation and activation of ASK1 from the cytosolic Trx1-ASK1 binding complex and the mitochondrial Trx2-ASK1 binding complex. Immunofluorescent studies in lens epithelial cells have verified that TBP-2 is primarily localized in the cytosol but translocates into mitochondria under oxidative stress.
MATERIALS AND METHODS

Cell culture and treatment
Human lens epithelial cells (HLE B3), immortalized by infecting with adenovirus 12-SV40, were grown and maintained in MEM medium (Gibco, Carlsbad, CA, USA) supplemented with 20% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA), 50 µg/ml gentamycin (Gibco, Carlsbad, CA, USA) in humidified CO 2 incubator. For growth analysis, one million of cells were plated into 60-mm dishes. Media were changed on day 1, 3, 5 and 7 and pictures of cells were taken using a microscope. On day 7, the cells were trypsinized and counted using hemacytometer. For the H 2 O 2 -induced apoptotic studies, HLE B3 cells were deprived serum gradually by overnight culture in MEM with 2% FBS followed by incubating in serum-free medium for 30 min before exposure to a bolus of 200 µM H 2 O 2 for different times.
Over-expression and Knockdown of TBP-2 in HLE B3 cells
Sense cDNA for TBP-2 was introduced into the multi-cloning site of Geneticin (G418 sulfate)-resistant mammalian expression vector pcDNA3.1 (+) to construct plasmids. The plasmids were then transfected into HLE B3 cells using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's protocol. Cells transiently transfected with the cDNA were incubated with fresh culture medium for 24 hrs before use.
For TBP-2 knockdown (KD) process, HLE B3 cells were grown to 50-70% confluence in 24-well plates cultured in 20% serum under normal conditions. A 25 µl aliquot of serum-free medium containing 0.75 µl of siLentFect (Bio-Rad company) was mixed with 25 µl of serum-free medium containing 10 nM TBP-2 siRNA with a primer sequence of 5'-AAGAGCCAATTTAACAAACTA-3' (SI03648827, Qiagen, Valencia, CA, USA) and incubated for 20 min at room temperate. This mixture was then added to each well of the cultured cells containing 250 µl of fresh culture medium allowing the transfection to continue for 72 hrs.
Isolation of cytosolic and mitochondrial fractions from HLE B3 cells
The mitochondrial fraction was isolated according to the method described by Rehncrona, et al [25] . Briefly, HLE B3 cells were trypsinized and centrifuged, and the cell pellets homogenized using 1 ml syringe in 1 ml buffer A (225 mM mannitol, 65 mM sucrose, 1 mM EGTA, 10 mM HEPES, pH 7.2), followed by centrifugation at 500 ×g for 10 min at 4°C to collect nuclei and membranes. The chilled supernatant was centrifuged twice at 500 ×g for 10 min, and the pooled supernatant was centrifuged again at 10,000 ×g for 10 min. The final supernatant was considered cytosolic fraction while the sediment was the mitochondrial fraction. The mitochondrial precipitants were solubilized in buffer B (225 mM mannitol, 65 mM sucrose 10 mM HEPES, pH 7.2), centrifuge again at 10,000 ×g for 10 min and the final sediment was re-suspended in 100 µl buffer B. All these steps were performed on ice.
Cytotoxicity assay
Cell viability was measured by a nonradioactive colorimetric cell viability kit (Promokine, Heidelberg, Germany) with tetrazolium salt WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt), which is reduced to water-soluble, orange formazan dye by dehydrogenases present in the metabolically active cells. The absorbance of the formazan dye is directly proportional to the number of living cells. HLE B3 cells were treated with 50, 100, 200, 300 µM of H 2 O 2 for 24 hrs. After treatment, 10 µl of WST-8 solution was added to each well of the culture plate and incubated for 2 hrs in the incubator. The transmission was evaluated at 450 nm using a 96-well microplate reader (Bio-Rad, Richmond, CA, USA).
Flow cytometry analysis on dead cells by propidiumidodine staining
Vector and TBP2 OE HLE-B3 cells were cultured in 60 mm dishes. After gradual serum deprivation, the cells were exposed to serum-free medium with and without 200 µM H 2 O 2 for 24 hrs followed by analysis for dead cells. To quantify dead cells, propidium iodide (PI), a nucleic acid binding dye, was used (Invitrogen, Carlsbad, CA, USA). The cells were trypsinized and washed in cold phosphate-buffered saline (PBS). Then the cells were stained with PI according to manufacturer's protocol and analyzed using flow cytometry (FACScan flow cytometer, Becton Dickinson, San Jose, CA) by measuring the fluorescence emission at 575 nm using 488 nm excitation. The percentage of dead cells was calculated by CellQuestPro software (BD Biosciencs, San Jose, CA).
Inhibition of H 2 O 2 -induced apoptosis in HLE B3 cells by pan caspase 3 inhibitor
Human lens epithelial cells (HLE B3) were grown and maintained in MEM medium (Gibco, Carlsbad, CA, USA) supplemented with 20% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA), 50 µg/ml gentamycin (Gibco, Carlsbad, CA, USA) in humidified CO 2 incubator. For growth analysis, one million cells were plated into 60-mm dishes. For the H 2 O 2 -induced apoptotic studies, HLE-B3 cells were deprived serum gradually by overnight culture in MEM with 2% FBS followed by incubating in serum-free medium for 30 min. Then these cells were pre-incubated with 100 µM Z-VAD-FMK (R&D Systems, Minneapolis, MN, USA, Catalog number: FMK001) for 3 hrs before exposure to 200 µM of H 2 O 2 for 24 hrs. After the treatment, HLE-B3 cells were harvested for apoptosis assay and stained with propidium iodide (Invitrogen, Carlsbad, CA, USA, Catalog number: P3566) followed by flow cytometric analysis described above.
Cell cycle analysis
Cells were fixed with 70% ethanol and incubated overnight at 4°C. Fixed cells were subsequently washed, treated with 5 µg/ml RNase A, and stained with 50 µg/ml propidium iodide. The analysis of DNA content was performed on list mode data using the Modfit 3.0 software (Verity Software House, Topsham ME).
Immunoprecipitation
Anti-ASK1 antibody was used for the immunoprecipitation of ASK1-Trx1 complex and ASK1-Trx2 complex. The cytosolic and mitochondrial fractions were incubated with anti-ASK1 agarose conjugate (#sc7931AC, Santa Cruz, Santa Cruz, CA, USA) overnight at 4°C. The immunoprecipitated complexes were collected by centrifugation at 3,000 rpm for 5 min at 4°C, washed three times with ice-cold washing buffer (1M Tris-HCL, 1.5 M NaCl, 50 mM EDTA), resuspended in electrophoresis SDS sample buffer, boiled for 5 min at 95°C, and analyzed on 10% SDS-PAGE. Immunoblotting was performed using the following primary antibodies: anti-ASK1 (1:250) (#sc7931, Santa Cruz, Santa Cruz, CA, USA), anti-Trx1 (1:1000, for cytosol fraction)(#ab86255, Abcam, Cambridge, MA, USA.), and anti-Trx2 (1:100, for mitochondria fraction) (#sc133200, Santa Cruz, Santa Cruz, CA, USA). The secondary antibodies used were as follows: anti-rabbit IgG (1:2000), anti-rabbit IgG (1:8000), and anti-mouse IgG (1:2500) (Santa Cruz, Santa Cruz, CA, USA).
Western blot analysis
Equal amounts of protein were subjected to SDS-PAGE on a 10% polyacrylamide gel, transferred to a polyvinylidenedifluoride (PVDF) membrane (GE Healthcare, Boulder, CO, USA), and blocked for 1 hr with blocking buffer containing 5% nonfat dry milk in Trisbuffered saline (TBS-T, 10 mM Tris-HCL [pH 7.5], 100 mM NaCl and 0.1% Tween 20). Primary antibody incubations were performed at the following dilutions: TBP-2, 1:1000 (#K0204-3, MBL, Des Plaines, IL, USA); P-ASK1, 1:250 (#3764, cell signaling, Danvers, MA, USA); ASK1, 1:250 (#sc7931, Santa Cruz, Santa Cruz, CA, USA); P-JNK, 1:500 (#9251, Cell Signaling, Danvers, MA, USA); JNK, 1:500 (#9258, Cell Signaling, Danvers, MA, USA); P-p38, 1:500 (#9211, Cell Signaling, Danvers, MA, USA); p38, 1:500 (#9212, Cell Signaling, Danvers, MA, USA); Bcl-2, 1:500 (# 2876, Cell Signaling, Danvers, MA, USA); Bax, 1:500 (#2772, Cell Signaling, Danvers, MA, USA); cytochrome c, 1:500 (# 4272, Cell Signaling, Danvers, MA, USA); caspase 3, 1:500 (#9262, Cell Signaling, Danvers, MA, USA); Trx1, 1:2000 (#ab86255, Abcam, Cambridge, MA, USA.); Trx2, 1:100 (#sc133200, Santa Cruz, Santa Cruz, CA, USA); GAPDH, 1:2000 (#sc32233, Santa Cruz, Santa Cruz, CA, USA); VDAC, 1:2000 (#4661, Cell Singaling, Danvers, MA, USA); and β-actin, 1:2000 (#A2228, Sigma, St. Louis, MO, USA). All incubations were done at 4°C overnight. Then, the membrane was washed three times with TBS-T for 30 min and followed by respective secondary antibody incubations with goat anti-rabbit IgG-horseradish peroxidase (for membrane probed with rabbit anti human P-ASK1, ASK1, VDAC, P-JNK, JNK, P-p38, p38, Bcl-2, Bax, cytochrome c, caspase 3, and Trx1 antibody) or goat antimouse IgG-horseradish peroxidase (for membranes probed with mouse anti human TBP-2, Trx2, GAPDH, and β-actin antibody) (Santa Cruz, Santa Cruz, CA, USA). Similar procedures were used for Pcdc2 (Y15), cdc2, cdc25A and cdc25C. Immunodetection was performed with the ECL Western Blotting Detection System (Thermo Scientific, Rockford, IL, USA). The immunoblot was analyzed with an imaging system (Versadoc 5000 MP Imaging System, Bio-Rad, Richmond, CA, USA). Densitometric analyses of immunoblots were carried out using an image processing and analysis program, Quantity One (Bio-Rad, Richmond, CA, USA) Immunohistochemistry HLE B3 cells were seeded on the cover slips overnight. After the media was removed from the dish, pre-warmed (37°C) staining solution containing MitoTrackerR probe (100 nM final concentration, MitoTrackerR probes, Invitrogen, Carlsbad, CA, USA) was added and incubated for 30 min under growth conditions. After staining, the cover-slip was rinsed with fresh pre-warmed PBS, fixed in 4% formaldehyde for 15 min at room temperature, followed by incubation for 10 min with PBS containing 0.25% Triton X-100. The cells were then washed in PBS three times for 5 min, and incubated with 1% BSA in PBST for 30 min to block unspecific binding of the antibodies, then in the 1:50 TBP-2 antibody (Santa Cruz, Santa Cruz, CA) in 1% BSA in PBST in a humidified chamber overnight at 4°C. After washing the cells three times in PBS (5 min each), incubate cells with donkey anti-goat Alexa Fluor 488 secondary antibody (Invitrogen, Carlsbad, CA, USA) at 1:10000 dilution for 1 hr at room temperature in dark. The cover-slip was rinsed three times in PBS, incubated with 300 nM DAPI (4',6-diamidino-2-phenylindole, dihydrochloride) solution for 1 min at room temperature, and then rinsed again in PBS three times. Microscopic study was performed on a Nikon C1 laser scanning confocal microscope.
Thioredoxin and caspase 3/7 activity assay
The activity of Trx was determined following a previously described method [24] . To compare the caspase 3/7 activity of vector-transfected and TBP-2-transfected HLE B3 cells, 100 cells were plated into 96-well plate. Caspase 3/7 activity assay was conducted using Caspase-Glo 3/7 Assay Kit from Promega according to manufacturer's manual.
Protein determination
Protein concentrations were determined by BCA following manufacture's protocol (PierceChemical Co., Rockford, IL) with bovine serum albumin as the standard.
Statistics
Each experiment was performed at least three times and statistical analyses were done with one-way ANOVA using the SPSS software. The number of experimental samples used in each group is presented in the figure legends. All data were expressed as mean ± S.D. and differences were considered significant at p<0.05.
RESULTS
Overexpression of TBP-2 reduced cell growth
TBP-2 pcDNA was transfected into HLE B3 cells. The transient transfectant was selected by incubating the transfected cells with Geneticin and the overexpression of TBP-2 was confirmed by Western blot analysis. TBP-2 overexpression in HLE B3 cells showed a nearly 7-fold increase in TBP-2 protein ( Fig. 1A ) that suppressed Trx1 activity in the cell by almost 40% without affecting the expression level of Trx1 ( Fig. 1B) . Cells overexpressing TBP-2 showed a phenotype of slow growth. As shown in Figure 1C , where similar numbers of both TBP-2 and vector-transfected cells were seeded and cultured in the DMEM with 20% FBS, lower cell proliferation is observed in TBP-2 OE cells compared to the vector control cells. By the end of one week, the TBP-2 OE cell numbers were only about 20% of that of the vector control cells (Fig. 1D ).
Overexpression of TBP-2 altered cell signaling and activated caspases 3
To investigate the possible mechanism of cell growth retardation in the TBP-2 overexpressed cells, we first examined the activations of the stress molecules JNK and p38 in the MAP Kinase signaling pathway. As shown in Figure 2A , compared to the vector control cells, TBP-2 enrichment activates JNK (P-JNK), but not the p38 signaling pathway. The potential effect of TBP-2 overexpression on cell apoptosis was analyzed by examining the status of caspases 3, a protease marker for apoptotic cell death. Western blot analysis showed that caspase 3 was barely detectable in the vector control cells but was very visible in the TBP-2 OE cells. This indicates that caspase 3 was cleaved from its precursor procaspase 3 to participate in apoptotic processes (Fig. 2B ). The caspase 3/7 like activity was found to be increased nearly 3-fold over the vector control cells (Fig. 2C ).
TBP-2 overexpression induced cell cycle arrest in G2-M
Since TBP-2 induces cell cycle arrest in other cell types [16] , we examined the cell cycle distribution of TBP-2 OE cells by analyzing DNA levels in the cells using flow cytometry. A representative histogram of the cell cycle from TBP-2 OE cells compared to vector transfected and non-transfected HLE B3 cells is shown in Figure 3A . Compared to normal B3 cells, vector transfection did not significantly change the pattern of cell distribution other than a slightly shorter G0-G1M phase, and a little longer G2/M phase. However TBP-2 overexpression increased the number of cells in the G2-M phase, and decreased the S phase. As summarized in Figure 3B , the B3 control cells displayed a cell distribution in the cell cycle of 38% in G0-G1M, 22% in G2-M and 40% in S phase. The vector-transfected cells showed a distribution of 30% in G0-G1M, 29% in G2-M and 41% in S phase. While TBP-2 OE cells have the same number of cells in stage G0-G1 as the vector group, but the TBP-2 OE cells had14% more in the G2-M stage, and 13% less in the S phase. Therefore, TBP-2 overexpression resulted in more cells arresting in the G2-M phase of the cells cycle.
It is known that cell cycle progression depends on several cyclin-dependent kinases (cdks, also called cell division control proteins, cdcs). Cdk1 (or cdc2) activation results from dephosphorylation of the inactive P-cdc2 (Y15) via phosphatases cdc25A/C. Activation of cdk1 (cdc2) is the checkpoint for G2-M stage to exit and complete the cycle [26, 27, 28] . Therefore, we examined the status of cdc2 and its antagonist cdc25 phosphatases A and C. As shown in Figure 3C , the TBP-2 OE cells showed much lower expression levels of Pcdc2 (Y15) and total cdc2 protein compared to that of untransfected HLE B3 cells and the vector control. The same cells also expressed lower levels of both phosphatase cdc25A and cdc25C. The results indicate that TBP-2 OE cells may have insufficient reduced Trx to regulate the cell cycle.
TBP-2 overexpressed cells are more sensitive to oxidative stress
To test whether TBP-2 OE cells are more sensitive to oxidative stress, cell viability (WST-8 assay) in TBP-2 OE and vector control cells was examined after exposing each to a bolus amount of H 2 O 2 (50-300 µM) for 24 hrs. Exposure to 50 µM H 2 O 2 showed little effect on both control and TBP-2 OE cells ( Fig. 4A) ; however, 100 µM H 2 O 2 exposure resulted in a significant loss of cell viability with a 53% (P < 0.003) reduction in TBP-2 OE cells compared to 13% for the controls. Increasing H 2 O 2 exposure to 200 µM resulted in a 97% loss of viability in TBP-2 OE cells compared to 46% in vector cells. Viability was also lost in both cell types exposed to 300 µM H 2 O 2 . These findings indicate that TBP-2 enriched cells are more sensitive to oxidative stress.
Next we examined if TBP-2 enrichment accelerates oxidation-induced cell death. Both control cells and the TBP-2 OE cells were treated with 200 µM H 2 O 2 for 24 hrs and then stained with propidium iodine (PI), followed by flow cytometry. A representative histogram on the distribution of the PI-positive cells is depicted in Figure 4B , in which the PI positive cells are minimal in the vector controls but they increase to 20% after H 2 O 2 treatment. In contrast, PI positive cells were present in 65% of the TBP-2 population and elevated to 88% after exposure to H 2 O 2 . A quantitative measurement of the PI-positive population is summarized in the bar graph of Figure 4B .
Inhibition of H 2 O 2 -induced apoptosis in HLE B3 cells by pan caspase 3 inhibitor
To ensure that oxidative stress-induced apoptosis in human lens epithelial cells is mediated via caspase, the cells were treated with H 2 O 2 and then compared with the cells treated with H 2 O 2 in the presence of pan caspase inhibitor. As shown in Supplement Figure 1 , the control cells in panel A of the flow cytometric histogram showed very minor apoptotic population (less than 1%), however, once the cells were treated with 200 µM of H 2 O 2 , the proportion of apoptotic cell was as high as 94% of the total population. However, when cells were pretreated with a pan caspase 3 inhibitor before oxidative stress, the population of apoptotic cells was only 23%. These results suggest that H 2 O 2 -induced HLE B3 cell injury is mediated primarily by caspase-associated apoptosis.
Effect of TBP-2 enrichment on the expression and activity of Trx1 in HLE B3 cells
Trx1 expression and catalytic activity in TBP-2 OE cells with and without oxidative stress exposure was compared to that in vector transfected control cells. As shown in Figures 4C-4D , the protein levels of Trx1 are not affected by TBP-2 overexpression, but the activity is suppressed down to 68% of the vector controls. Exposure to a bolus of H 2 O 2 (200 µM) for 15, 30 or 60 min resulted in no change in the expression of Trx1 in both TBP-2 enriched and vector control cells. Short-term exposure to H 2 O 2 only suppressed Trx1 activity 15% in the control cells but had minimal effect on Trx1 in TBP-2 OE cells (Fig. 4D) . It is likely that the bolus of 200 µM H 2 O 2 was detoxified and dissipated after 15 min and the residual H 2 O 2 was too weak to cause further inactivation of the oxidation-resistant Trx1. Whereas Trx activity in TBP-2 OE cells was already suppressed by conjugating with the excess TBP-2 to be inactivated further by H 2 O 2 exposure (Fig. 4D ).
TBP-2 overexpression accelerates H 2 O 2 -induced apoptosis in HLE B3 cells
Since loss of cell viability and the presence of PI-positive cells may be associated with apoptosis, we examined the H 2 O 2 -treated control and TBP-2 OE cells (200 µM H 2 O 2 , 24 hrs) for the apoptotic signaling molecules in the mitochondria, including Bax, Bcl-2, caspase 3 and cytochrome c [29] . As shown in Figure 5A , unstressed cells showed higher Bax (proapoptotic factor) expression in TBP-2 OE than that of the control. After oxidative stress, Bax increased in both cells but the levels were much higher in the TBP-2 enriched cells. In contrast, the unstressed cells showed an extensive suppression of Bcl-2 expression (antiapoptotic factor) when TBP-2 was enriched. Oxidative stress in both the control and TBP-2 OE cells showed a substantial loss in Bcl-2 ( Fig. 5B) . Similarly, TBP-2 OE induced cytochrome c loss in the mitochondria that leaked into the cytosol and oxidative stress amplified this migration (Fig. 5C ). Lastly, TBP-2 OE also induced more caspase 3 release from its precursor pro-caspase 3, even in the absence of oxidative stress. After H 2 O 2 treatment, caspase 3 appeared in the control cells but much more so in the TBP-2 OE cells ( Fig. 5D ). These results indicate that cells containing higher TBP-2 levels are more sensitive to oxidation-induced apoptosis.
TBP-2 overexpression promotes oxidative stress-induced ASK1 release and activation
To understand why overexpression of TBP-2 causes cells to be more sensitive to oxidation and to become easily apoptotic, we examined whether TBP-2 OE cells promote the activation of ASK1 death pathway. TBP-2 OE and control cells exposed to 200 µM H 2 O 2 for shorter time periods of 0-60 min were examined for ASK1, P-ASK1 (activated) and the downstream effectors JNK and p38. As shown in Figure 6A , P-ASK1 normalized to total ASK1 (P-ASK1/ASK1) showed a transient elevation in control cells starting at 15 min which peaked at 30 min and returned to the baseline level at 60 min. Under the same conditions, TBP-2 OE showed a similar transient activation pattern of P-ASK1/ASK1, which was much more exaggerated in each time point with the ratio of P-ASK1/ASK1 more than doubled during 15-30 min post-H 2 O 2 treatment periods compared to the controls ( Figure 6A ). Total ASK1 was probed and was constant throughout the 60 min treatment. H 2 O 2 -induced ASK1 activation also resulted in activation of JNK. As shown in Figure 6B , a transient JNK activation between 15-30 min was found in both control and TBP-2 OE cells; however, the effect on the latter was more pronounced. In contrast, the same experimental condition did not show any effects on p38 (Fig. 6C ). This was in agreement with the results of unstressed TBP-2 OE cells in which only JNK but no p38 was activated ( Fig. 2A) .
Evidence that Trx2 is present in the mitochondria of HLE B3 cells and involved in Trx2/ ASK1 binding
To prove that Trx2, a mitochondrial isozyme of Trx1, is present in the HLE B3 cells and is involved in Trx2/ASK1 binding. We used the untransfected HLE B3 cells and separated the cell lysate into cytosolic and mitochondrial fractions. Each fraction was probed for the presence of ASK1 and Trx2 with anti-ASK1 and anti-Trx2 antibodies, respectively. As shown in the left panels in Figure 7A , ASK1 is present in both the cytosolic and mitochondrial fractions while Trx2 is only seen in the mitochondria. The cell lysate was also used for immunoprecipitation with ASK1 antibody. The immunoprecipitants only showed the presence of Trx2 in the mitochondrial fraction ( Fig. 7A, right panels) . These results indicate that Trx2 is mitochondria specific and binds with ASK1.
TBP-2 overexpression dissociates ASK1/Trx1 and ASK1/Trx2 binding complexes
Since Trx1 is known to bind with ASK1 and to prevent ASK1 activation, we examined whether TBP-2 enrichment in cells can alter the ability of Trx1 to bind with ASK1 in the cytosol and Trx2 with ASK1 in the mitochondria. Both vector control and TBP-2 OE cells were incubated with 200 µM H 2 O 2 for only 30 min, which is the optimal time for ASK1 activation shown in Figure 6A . The cells were lysed and separated into mitochondrial and cytosolic fractions followed by immunoprecipitation with anti-ASK1 antibody. Western blots were performed with anti-Trx1 antibody in cytosolic fraction, and anti-Trx2-antibody in mitochondrial fraction. With only 30 min treatment, H 2 O 2 did not affect the cytosolic Trx1/ASK1 binding in the vector cells, but significantly decreased this ratio in the TBP-2 OE cells (Fig. 7B) . In contrast, although H 2 O 2 caused a minimal decrease of the Trx2/ASK1 binding complex in the mitochondrial fraction of the vector cells, it drastically suppressed the mitochondrial Trx2/ASK1 ratioin the TBP-2 OE cells. Interestingly, even without oxidative stress, Trx2/ASK1 binding was already lowered 20% by the presence of high cellular TBP-2 protein (Fig. 7C ). This result suggests that Trx/ASK1 interaction occurs in both cytosolic and mitochondrial regions, and that this binding becomes unstable in cells enriched with TBP-2. Figure 8A , where TBP-2 proteins (green dye, conjugated with Alexa Fluor 488 antibody) are heavily concentrated outside of the mitochondria (red dye with MitoTrackerR probe) and the nucleus (blue dye with DAPI). Immunoblotting of the isolated mitochondria and cytosol showed that TBP-2 was present in the cytosolic fraction of the control cells but decreased after cells were treated with 200 µM H 2 O 2 for 24 hrs (Fig. 8B) . However, the mitochondrial fraction of the same control cells displayed trace amounts of TBP-2, which increased after oxidative stress (Fig. 8C ). TBP-2 in the TBP-2 OE cells showed a strong presence in both cytosolic and mitochondrial fractions; however, exposure to H 2 O 2 stress decreased TBP-2 in the cytosol and increased in mitochondria. VDAC, a mitochondrial specific protein, was used to ensure the purity of the mitochondrial fraction used for this study (Fig. 8C ). This suggests that TBP-2 is mainly present in the cytosol but can migrate into mitochondria upon oxidative stress.
TBP-2 localization and migration in the HLE B3 cells
TBP-2 is localized predominantly in the cytosol of HLE B3 cells, as shown in the immunofluorescent image of cells in
Effect of TBP-2 knockdown on cell viability in HLE B3 cells
Next we examined the effect of TBP-2 knockdown (KD) on cell viability and Trx1 activity. As indicated in Figure 9A , TBP-2 siRNA successfully suppressed TBP-2 expression in the HLE B3 cells to 30% of the control while scramble siRNA (negative control) only showed an insignificant effect. GAPDH (or G3PD) was probed to ensure equal sample loading on the gel. Figure 9B , in comparison to the negative control, cells with suppressed TBP-2 expression show a marginally enhanced survival rate under oxidative stress conditions (24 hrs of H 2 O 2 , 50-500 µM). Furthermore, the TBP-2 KD cells showed a trend of higher Trx1 activity in comparison to that of the scramble siRNA control. This pattern of enhanced Trx1 activity in TBP-2 KD cells over the negative control cells persisted even when both cells were exposed to 300 µM H 2 O 2 for 30 min (Fig. 9C ).
As shown in
DISCUSSION
Our results provide strong evidence that TBP-2 over-expression in cells upsets the redox balance needed for cell cycle progression and cell proliferation. We observed a slow growth in the TBP-2 OE cells with cell cycle arrest at G2-M phase in which the expression of key control elements cdc2 and cdc25 were markedly suppressed (Fig. 3C ). In particular, as cdc25A/C is known to be a phosphatase that acts as a key checkpoint for cell cycle processing from the G2 phase into the M phase [28, 30] . Therefore suppressing cdc25A/C expression could affect the cell's ability to dephophosrylate and convert the inactive target protein P-cdc2 (Y15)into the activate cdc2 form, preventing a large number of cells from committing to mitosis and be retained in the M stage. Interestingly, Pcdc2 (Y15) did not accumulate in the cells. Instead its presence was extensively depressed along with cdc2 and cdc25C and cdc25A. This may be due to the severely suppressed Pcdc2 (Y25) expression by overexpressed TBP-2 in cells (Fig. 3C, top panel) .
Characterization of our transiently transfected TBP-2 OE cells showed a 7-fold increase in TBP-2 presence with no effect on Trx expression. However, the higher TBP-2 level in cells suppressed Trx activity down to only 60% of the control cells. Most likely, Trx has been oxidized through the competitive binding with TBP-2, resulting in a decreased bioavailability. Although we did not measure the redox status of the TBP-2 OE cells, we predict that the redox potential has been compromised to the extent that many growth regulatory molecules that are oxidant-sensitive have been damaged or have lost in their biological functions. For example, cdc25C is known to be extremely sensitive to oxidative stress because it can form intra protein disulfide bond that inactivates cdc25C to impede its normal function in regulating G2-M cell cycle progression [31] . The inactive disulfide cdc25C can only be reduced by Trx1 to restore its activity [32] . As cell cycle is controlled by the redox cycle [33] , it is likely that enriched TBP-2 has depleted Trx bioavailability, making it unable to provide robust DNA synthesis during cell proliferation, and unable to maintain cdc25C in a reduced state, resulting in G2/M cell cycle arrest.
Previously it was reported [16] that TBP-2 (or UDVP1) was upregulated in tumor cells when the cells were stressed with growth inhibitor TGFβ or by simple TBP-2 transfection. The elevated TBP-2 in these cells induced cell cycle arrest at G0/G1 stage. Schultz et al [34] demonstrated in aortic smooth muscle cells that TBP-2 overexpression showed antiproliferative effect by decreasing intrinsic Trx activity as well as preventing PDGF-induced DNA synthesis and Trx activation. Our results are in agreement with the concept that TBP-2 upregulation can directly affect Trx-regulated cell proliferation. However, our results differ in the site of the affected cell cycle phase. Unlike the reported effect at G0/G1, we observed cell arrest only in the G2-M stage and not the G0/G1 phase (Figs. 3A-3B) . This difference may be cell type specific. Further studies are needed in this area for clarification. Apparently having cell cycle arrest at the G2-M stage can also trigger pro-apoptotic program. As shown in Figures 2B-2C , the apoptotic marker protein, caspase 3, is cleaved off of pro-caspase 3 and exhibits elevated caspase 3/7 like catalytic activity. It is not clear whether cell cycle arrest at G2/M phase can trigger the apoptotic event directly or indirectly. Further work is needed in this area.
The most striking effect of TBP-2 enrichment on cells is the increased sensitivity to oxidative stress. In the presence of a bolus of 100 µM H 2 O 2 for 24 hrs, the non-transfected control HLE B3 cells or vector transfected cells remain viable, but the TBP-2 OE cells lose 50% of their survival capability (Fig. 4A ). This high sensitivity to oxidation is even more obvious when these cells are exposed to 200 µM H 2 O 2 . Under this condition, the vector cells retained 50% viability while essentially all TBP-2 cells became non-viable (Fig. 4A) . The latter conditions invoked extensive cell apoptosis as evident from the activation of the classical apoptotic pathway where elevated Bax expression, released mitochondrial cytochrome c to cytosol, cleavage of procaspase 3 into caspase 3, and loss of plasma membrane integrityall occurred in these cells (Fig. 4B, Fig. 5 ). We validated that HLE B3 cells could be induced into apoptosis by exposure to 200 µM H 2 O 2 and that the apoptotic process involved caspase 3, as a pan inhibitor of caspase 3 substantially suppressed apoptotic process (see supplement figure 1 ).
Our evidence also indicates that the major cause for the accelerated cell apoptosis in TBP-2 OE cells under oxidative stress is the fact that extensive binding in these cells between TBP-2 and Trx disturbs the binding complex of Trx with pro-apoptotic factor ASK1. The changes included ASK1 release as well as ASK1-activation (P-ASK1) in the TBP-2 OE cells after oxidative stress. The weakened Trx-ASK1 binding allowed ASK1 to initiate apoptosis via the downstream signaling factor JNK (Fig. 6 ). However, it is important to note that TBP-2 OE not only disturbed the cytosolic Trx1-ASK1 binding, but also severely disrupted Trx2-ASK1 binding in the mitochondria (Fig. 7) .
Since destabilizing Trx-ASK1 binding has been observed in other cell types when Trx is oxidized [35] , our observation confirms this phenomenon in the lens epithelial cells. It has been reported that in the pancreatic cells TBP-2 resides in the nucleus and translocates into mitochondria under oxidative stress [6] . Interestingly, our data in Figure 8A did not show any evidence for TBP-2 being present in the nucleus because fluorescence-labeled TBP-2 was only observed in the cytosol. Under oxidative stress, however TBP-2 levels in the cytosolic fraction decreased and increased in the mitochondrial fraction. This indicates that TBP-2 potentially migrated from cytosol to the mitochondria where it interacted with Trx2 and dissociated the pre-existing Trx2-ASK1 binding complex. Thus, it is likely that TBP-2 may reside in different compartment, depending on the cell type. The translocation from cytosolic to the mitochondrial fraction may be unique to the lens epithelial cells. How this translocation can be accomplished is an intriguing question and worthy further investigation.
The relationship between Trx and TBP-2 was further clarified using cells that were genetically engineered to down-regulate TBP-2 expression. Using siRNA to decrease TBP-2 expression to 20% of the HLE-B3 control cells (Fig. 9A) , the cells appeared healthier and became more resistant to oxidative stress. The Trx activity was also correspondingly elevated in the cells with lower presence of TBP-2, thus Trx was more bioavailable to cells to resist oxidative stress, and better regulate redox homeostasis. A similar observation has been reported in cancer cells where TBP-2 level was decreased while Trx activity was enhanced. Therefore, TBP-2 interaction with Trx is very delicate and important for maintaining the biological function and the well being of the cells.
In summary, we have shown that TBP-2 overexpression can damage the health and function of cells. It not only slows cell growth by cell cycle arrest at G2-M phase and inducing cell apoptosis. But, it also causes the cells to be more sensitive to oxidative stress that can lead to pro-apoptotic state. This latter case is shown as a result from disturbed anti-apoptotic function of Trx, in which the formation of a Trx-ASK1 binding complex is essential to keep the cells viable and resistant to cell death. Based on our data, we propose that TBP-2 over expression can cause two separate but parallel events. One is that TBP-2 leads to apoptosis by disturbing cell cycle progression out of the G2-M cycle. The other is that TBP-2 enrichment may cause cells to be more susceptible to H 2 O 2 -induced apoptosis. Such aberrations are mainly due to the displacement of Trx-ASK1 binding with Trx-TBP-2 binding, which renders an elevated population of oxidized, and non-effective Trx that fails to regulate the cell cycle, and a concomitant increase in free ASK1 pool to initiate the mitochondrial-mediated cell apoptosis. A diagram of such hypothesis is shown in Figure 10 .
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